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CHAPTER I 
GENERAL INTRODUCTION 
 
The quality of the environment in which an organism develops can significantly 
affect its fitness. For example, developing in an environment with limited access to food or 
with poor food quality will negatively affect an individual’s life history (e.g., age and size at 
maturity: Lyn et al. 2011; Katsuki et al. 2012; Kelly & Tawes 2013; Saastamoinen 2013) and 
sexually selected traits (e.g., Hunt et al. 2004; Judge et al. 2008; Barrett et al. 2009; Katsuki 
et al. 2012). However, resource fluctuations in natural environments can result in a range of 
environmental and resource conditions throughout an organism’s life. If conditions improve 
(increases in food, warmer temperatures, longer days etc.) during an organism’s juvenile 
period, an organism can respond in one of three ways: (1) maintain its current, decelerated 
growth rate and eclose at the same body size but at a later time than individuals raised in a 
resource-rich environment; (2) eclose at the same time as its counterparts in a resource-rich 
environment, but at a much smaller size; or (3) increase its growth rate above average and 
eclose at the same time and body size as conspecifics reared in a resource-rich environment 
(Figure 1) (Mangel & Munch 2005; Taborsky 2006; Broekhuizen 2013). This latter 
scenario—an accelerated growth rate after resources improve—is known as compensatory 
growth (Lindström 1999; Metcalfe & Monaghan 2001; Jobling 2010). 
At first glance, while compensatory growth might appear to always be adaptive, many 
studies have shown that it can impose severe costs to an individual (see Table 1) (Morgan & 
Metcalfe 2001; Yearsley et al. 2004; Mangel & Munch 2005). For example, compensatory 
growth can increase an organism’s metabolic rate (e.g., Coenagrion puella: Criscuolo et al. 
2008), decrease lifespan (e.g., Gasterosteus aculeatus: Inness & Metcalfe 2008), reduce litter 
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size (e.g., Poecilia reticulata: Auer et al. 2010), diminish the performance of a fitness-related 
trait (e.g., swimming endurance in Xiphophorus helleri: Royle et al. 2006), impair associative 
learning and cognitive performance (e.g., Taeniopygia guttata: Fisher et al. 2006), and 
increase the likelihood of developing diabetes and coronary heart failure in adulthood (e.g.. 
Homo sapiens: Metcalfe 2003; Hou et al. 2011). Interestingly, these costs are not universal, 
as some studies have not found any negative effects of improving nutritional conditions 
during the juvenile period (e.g., Xiphophorus helleri: Royle et al. 2006a; Ischnura verticalis: 
Dmitriew et al. 2007; Taeniopygia guttata: Bonaparte et al. 2011; Criscuolo et al. 2011; Sula 
nebouxii: Drummond et al. 2011). That a study does not identify a cost of compensatory 
growth might mean that the particular trait under investigation is not affected by 
compensatory growth in the taxon or sex being studied, or it could signal an inappropriate 
approach to manipulate compensatory growth.  
Compensatory growth is predicted to negatively affect lifespan (Metcalfe & 
Monaghan 2001; Hales & Ozanne 2003; Inness & Metcalfe 2008). Lifespan is a critical 
fitness component because a longer lifespan often increases reproductive opportunities (Roff 
1993). A longer lifespan can be a product of a prolonged developmental period, a lengthened 
adult stage, or a combination of the two (Lyn et al. 2012). The means by which lifespan is 
extended is important in understanding its potential benefits. For instance, while a longer 
developmental stage could increase an individual’s size, it could also postpone its age of first 
reproduction and increase its instantaneous rate of mortality (Inness & Metcalfe 2008). 
Living longer as an adult, however, may extend the period that an organism is reproducing, 
thereby significantly increasing fitness (Roff 1993; Arendt 1997; West et al. 2001; but not 
always: Hunt et al. 2004). Given the importance of lifespan to fitness and the ubiquity of 
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compensatory growth in nature, the relative lack of investigations into the effects of the latter 
on the former is surprising. Hales and Ozanne (2003) found that rats (Rattus norvegicus) 
experiencing compensatory growth had significantly shorter lifespans compared to their 
consistently well-fed counterparts, and studies on the three-spined stickleback (Gasterosteus 
aculeatus) found similar longevity reductions resulting from compensatory growth (Inness & 
Metcalfe 2008). Reduction in lifespan due to compensatory growth could be attributed, for 
example, to decreased investment in maintenance traits (such as cell repair and immune 
system activation) (Siva-Jothy & Thompson 2002), increased oxidative stress (Noguera et al. 
2011), and/or heightened predation risk due to increased foraging (Campero et al. 2008).  
One important key to a long lifespan is having a functional immune system (Schmid-
Hempel 2011). As with growth, the development of an immune system (as well as its 
maintenance and activation) requires a large investment of energy and resources (Siva-Jothy 
& Thompson 2002; Freitak et al. 2003; Jacot et al. 2004; Ardia et al. 2012). Therefore, 
individuals undergoing accelerated (i.e., compensatory) growth will face a critical life history 
decision: how to adaptively allocate their limited resources to growth and immunity (Roff 
1993; Metcalfe & Monaghan 2001; Fischer et al. 2005; van der Most et al. 2011). 
Surprisingly little empirical research has addressed this question, and extant studies have 
focused exclusively on damselflies. Dmitriew et al. (2007) found that compensatory growth 
had no effect on adult immune function (specifically phenoloxidase activity) in Ischnura 
verticalis; similarly, Campero et al. (2008) found that compensatory growth in Coenagrion 
puella lowered phenoloxidase levels and decreased hemocyte numbers, but only in males.  
Increased immunocompetence and lifespan could both benefit fitness if they 
positively affect an organism’s reproductive success. However, reproductive success also 
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requires attracting and copulating with mates, which, in turn, relies on individuals investing 
sufficient resources in both primary (i.e., reproductive organs) and secondary (i.e., ornaments 
and armaments) sexual traits (Stearns 1992). The quality of sexual traits generally depends 
on an individual’s developmental environment (Hunt et al. 2004; Jacot et al. 2005a; Judge et 
al. 2008; Woodgate et al. 2010), which can profoundly impact fitness since primary traits are 
often morphologically fixed at maturity (Boggs 2009). The effect of compensatory growth on 
sexually selected traits is poorly studied, and the few extant investigations have demonstrated 
no clear effect. For example, Kahn et al. (2012) showed that compensatory growth reduced 
male sexual attractiveness in Gambusia holbrooki, while Inness and Metcalfe (2008) showed 
that compensatory growth had no effect on male coloration and female clutch and egg size in 
Gasterosteus aculeatus. Still, despite the fundamental role that primary sexual traits play in 
fitness, no study has yet quantified the impact of compensatory growth.   
A keyword search for ‘compensatory growth’ in Web of Science (Thomson Reuters) 
shows that over 40 papers were published on the topic in 2013, and Metcalfe and 
Monaghan’s (2001) seminal review has been cited an incredible 933 times (2001-2014). 
Despite the recent explosion in interest among evolutionary biologists, many gaps in our 
knowledge remain. For example, we know very little about the effects that compensatory 
growth has on lifespan, reproductive investment, and immunity, shocking given how 
fundamental these traits are to individual fitness and our understanding of how individuals 
allocate resources to competing fitness-related traits. Moreover, the vast majority of 
compensatory growth research has focused on vertebrates, leaving insects—particularly 
hemimetabolous insects—all but neglected. My thesis addresses these gaps and redresses 
these biases by investigating the effects of compensatory growth on life history traits in the 
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Texas field cricket (Gryllus texensis). Herein I test the hypothesis that compensatory growth 
comes at a cost to lifespan, reproductive investment, and disease resistance. In Chapter II, I 
test the prediction that accelerated growth during development reduces adult lifespan, and 
investment in primary and secondary sexual traits. In Chapter III, I test the prediction that 
accelerated growth during development decreases investment in the adult immune system. 
Model System and General Experimental Approach 
Testing for Evidence of Compensatory Growth using Crickets as a Model System 
Relatively few studies have examined compensatory growth in insects (but see Lestes 
viridis: Stoks et al. 2006; Ischnura verticalis: Dmitriew et al. 2007; Melitaea cinxia: 
Saastamoinen et al. 2013) even though insects play a crucial role in ecosystem function and 
agriculture. Compensatory growth studies on insects tend to focus on holometabolous insects 
(e.g., butterflies) or hetero-hemimetabolous insects (e.g., damselflies), while neglecting 
hemimetabolous insects (e.g., crickets and grasshoppers). Studying hemimetabolous insects 
provides a distinct perspective in this regard because these animals often have similar diets 
during both the juvenile and adult stages (unlike insects that undergo metamorphosis) and 
therefore may differ in their optimal development times in a resource-poor environment than 
holometabolous insects (Barrett et al. 2009).  
Crickets (Orthoptera; Gryllidae) are omnivorous scavengers that have a polygamous 
mating system in which both sexes mate multiply (Cade & Otte 2000). Emerging models in 
evolutionary ecology, crickets are commonly used in studies of sexual selection, immunity, 
and life history tradeoffs because they are easily maintained and bred in the lab, their diet is 
easily manipulated, and their short life cycle permits rearing of multiple generations in 
minimal time. Studies manipulating the diet of crickets have successfully altered body 
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condition, size, and age at maturity in both sexes (Teleogryllus commodus: Hunt et al. 2004; 
Zajitschek et al. 2009; Gryllus pennsylvanicus: Judge et al. 2008; Pteronemobius sp: Hall et 
al. 2009; Gryllus texensis: Kelly & Tawes 2013). Furthermore, lifespan (Acheta domesticus: 
Lyn et al. 2011), reproductive investment (Hunt et al. 2004; Zajitschek et al. 2009; Judge et 
al. 2008), and disease resistance (Kelly & Tawes 2013) in crickets are affected by diet, and 
the techniques to investigate these traits are readily available and easily implemented. 
Investigating Compensatory Growth Using Nutritional Manipulation 
Investigation of compensatory growth using nutritional manipulations like transient 
starvation, dietary restriction, or dietary dilution is very common (See Table 1). Transient 
starvation involves briefly removing an organism’s food source to simulate harsh 
environmental conditions (i.e., a severe weather event) that may temporarily result in lack of 
food. Dietary restriction limits the amount of food available to mimic fluctuations in resource 
quantity. Dietary dilution, on the other hand, alters the quality of food, usually through 
mixing in some amount of a low-quality substance (e.g., fiber) to a food item (Lyn et al. 
2011). Although dietary dilution can produce a variety of different quality food items, 
mimicking the different types of food an organism may eat in nature; few compensatory 
growth studies have used this technique as a means for diet manipulation.  
Continued investigation into the effects of compensatory growth on life history traits 
is vital given climate change and the increasing destruction and modification of habitat 
(Adamo & Lovett 2011). Climate change causes widespread alteration of temperatures, 
precipitation, resource availability, and resource quality in an already variable world (Boggs 
2009), while habitat alteration is also changing the distribution and quality of resources. 
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Consequently, it is imperative that we investigate the effects of changing environments to 
determine how organisms will respond to any future increase to these fluctuations.  
Experimental Crickets and Rearing Conditions 
To investigate the effects of compensatory growth on life history traits in insects, I 
used crickets that were lab-reared descendants of individuals collected in Austin, TX (USA) 
in 2010. Every few generations, the lab population was supplemented with wild crickets to 
increase genetic variation. Crickets were maintained at 27˚C on a 12:12h light:dark cycle in 
individual clear containers (10 cm diameter x 4.5 cm depth) from hatching to prevent mating. 
Each cricket received a small piece of egg-carton for shelter, a cotton plugged water vial, and 
food, all of which were replaced weekly. 
Experimental Manipulation of Compensatory Growth in the Laboratory 
I manipulated the nutritional resources available to the crickets using diet dilution. I 
created both a good-quality (G) and poor-quality (P) diet. The good-quality diet consisted of 
75% fish pellets (Aquaponics USA Tilapia fish food: 50% protein, 17% fat) and 25% oats 
(Quaker Oats: 12% protein, 6% fat), whereas the poor-quality diet consisted of 25% fish 
pellets and 75% oats (diets also used by: Hunt et al. 2004; Hall et al. 2009; Zajitschek et al. 
2009). Fish pellets and oats were ground together to a fine consistency using a coffee grinder 
to prevent crickets from feeding discriminately.  
I randomly assigned 100 hatchling crickets (1-3 days old) to one of four diet 
treatments: good quality-good quality (GG), good quality-poor quality (GP), poor quality-
good quality (PG), or poor quality-poor quality (PP). The first of two diets (e.g., poor quality 
in the PG treatment for example) was provided for the first four weeks post-hatching, and the 
second (e.g., good-quality in the PG treatment) was provided from week four until death to 
8 
 
 
 
mimic a juvenile environment in which nutritional resources fluctuated. This time period 
represents approximately half of a cricket’s development period (personal observations; Cade 
& Otte 2000). Crickets were observed daily for eclosion to adulthood. At eclosion, I 
measured the age at eclosion (days), body mass (g), and pronotum length (mm) of each 
cricket (discussed further in Chapters II and III). Adult crickets were then assigned to either a 
lifespan measurement (Chapter II) or experimental immune challenge (Chapter III). After 
death, each cricket’s reproductive investment (i.e., ovary mass, or testis size and harp area) 
(Chapter II) was also measured. This setup was repeated for five independent blocks. 
 
 
Figure 1. Basic example of compensatory growth using mass. Each line represents the 
growth trajectory that an organism could experience within each environment. The double-
arrowed line represents the time when the environment of the poor-good group switched. The 
higher growth rate of the poor-good organism after nutritional conditions improve represents 
compensatory growth. 
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Table 1. Effect of different types of diet manipulations (i.e., dilution, restriction, or 
starvation) on compensatory growth and life history traits. In the effects column, “-“ means 
the trait decreased, a “+” means the trait increased, and an “=” means there was no 
difference. 
 
Type Class Species Effect Trait Authors Year 
Dilute 
Aves 
Taeniopygia 
guttata 
- 
Metabolic 
rate 
Criscuolo et 
al. 
2008 
 
 
Taeniopygia 
guttata 
- Swim Speed 
Criscuolo & 
Monaghan 
2011 
 
Taeniopygia 
guttata 
- Exploration 
Krause & 
Naguib  
2011 
Insecta 
Danaus 
plexippus 
+ Growth 
Lavoie & 
Oberhauser  
2004 
 
Orgyia 
antiqua 
+ Growth 
Esperk & 
Tammaru 
2010 
 
Pardosa 
prativaga 
+ Growth 
Jespersen & 
Toft  
2003 
Mammalia 
Rattus 
norvegicus 
+ Growth Jones et al.  2011 
Restrict 
Actinopterygii 
Gambusia 
holbrooki 
- Attraction Kahn et al. 2012 
 
Gambusia 
holbrooki 
- Attraction 
Livingston et 
al.  
2014 
 
Gasterosteus 
aculeatus 
- Lifespan 
Inness & 
Metcalfe 
2008 
 
Poecilia 
reticulata 
- Litter size Auer et al. 2010 
 
Salmo 
salar 
+ Growth 
Morgan & 
Metcalfe 
2001 
 
Salmo 
trutta 
+ Mass gain 
Alvarez & 
Nicieza 
2005 
 
Salmo 
trutta 
+ Mortality 
Johnsson & 
Bohlin 
2006 
 
Xiphophorus 
helleri 
= 
Swimming 
speed 
Royle et al. 
2006
a 
 
Xiphophorus 
helleri 
- Endurance Royle et al. 
2006
b 
 
Xiphophorus 
helleri 
= Attraction Walling et al.  2007 
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Amphibia 
Litoria 
ewingii 
= Jumping Hector et al.  2012 
Aves 
Aptenodytes 
patagonicus 
- 
Telomere 
length 
Geiger et al.  2012 
 
Taeniopygia 
guttata 
- Cognition Fisher et al. 2006 
Insecta 
Harmonia 
axyridis 
= 
+ 
Reproduction 
lifespan 
Dmitriew & 
Rowe 
2011 
 
Melitaea 
cinxia 
+ Growth 
Saastamoinen 
et al.  
2013 
 
Tetragnatha 
versicolor 
+ Growth 
Marczak & 
Richardson 
2008 
Reptilia 
Amphibolurus 
muricatus 
+ Growth Radder et al.  2007 
Starve 
Actinopterygii 
Gasterosteus 
aculeatus 
- Swim speed 
Álvarez & 
Metcalfe 
2007 
Insecta 
Coenagrion 
puella 
+ Immunity 
Campero et 
al. 
2008  
 
Epirrita 
autumnata 
+ Growth 
Tammaru et 
al.  
2004 
 
Ischnura 
verticalis 
= 
Predation 
risk 
Dmitriew & 
Rowe 
2005 
 
Lestes 
viridis 
+ 
Metabolic 
rate 
Stoks et al.  2006 
 
Lestes 
viridis 
- Immunity 
De Block & 
Stoks 
2008 
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CHAPTER II 
COMPENSATORY GROWTH AND ITS EFFECTS ON ADULT LIFE HISTORY TRAITS 
AND REPRODUCTIVE INVESTMENT 
         Abstract  
An organism’s juvenile environment can have significant effects on its adult 
phenotype. If an animal grows up in a resource-poor environment, but the conditions 
improve, the organism can compensate for its reduced development. Although compensation 
is beneficial, a fast growth rate can be costly. To test for evidence of compensatory growth 
and its costs in Gyllus texensis crickets, I raised crickets on either a good- or poor-quality 
diet, switched their diets half way through their juvenile period, and compared growth rates 
after the switch. Upon their eclosion, I tested for effects of diet treatment and sex on time 
required to eclose, body mass, body size, and body condition. Once the crickets died, I 
measured their reproductive investment to determine any costs associated with changing 
juvenile nutritional conditions. Even though I did not find any evidence of compensatory 
growth in my experimental crickets, diet treatment did have an effect on adult life history 
traits and reproductive investment. Crickets on the PG diet treatment took significantly 
longer to eclose than GG crickets, and were lighter, smaller and in poorer body condition 
than GG crickets. Despite negative effects of an improving juvenile diet on adult life history 
traits, there was no effect of diet on male reproductive investment. In females, PG crickets 
had significantly larger ovaries than GP, with no other differences between treatments. Lack 
of reproductive differences between GG and GP, PG, and PP crickets suggests that crickets 
were able to compensate for periods of poor nutrition through increasing investment in 
reproduction instead of body size and body condition. 
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Introduction 
Resource conditions during development can profoundly impact an organism’s fitness 
(Taborsky 2006; Helle et al. 2012). If resource conditions are poor during the juvenile period 
(e.g., phenological mismatches, reduced food availability or quality, or temperature 
extremes), delayed maturation and reduced adult body size can occur (Honěk 1993; Nylin & 
Gotthard 1998; Blanckenhorn 2000; Lyn et al. 2011; Katsuki et al. 2012; Kelly & Tawes 
2013). Both effects are associated with increased mortality and reduced reproductive success 
(Stearns 1992; Roff 2001; Speakman 2005; Boggs 2009). However, an environment’s 
mutability means that resource conditions can improve. Considerable empirical evidence 
now suggests that, when favorable conditions (e.g., increases in food, warmer temperatures, 
longer days etc.) are restored after a period of poor resource conditions, individuals can 
undergo compensatory growth (Table 1; Ali et al. 2003; Hector & Nakagawa 2012). Such 
compensation allows individuals to mature at the same time and at similar sizes to their 
good-environment counterparts, and thus potentially mitigate the effects of poor juvenile 
resource conditions (Lindström 1999; Metcalfe & Monaghan 2001; Jobling 2010).  
While a high growth rate may be beneficial, it can also have long-lasting negative 
effects on an organism’s life history (Table 1; Morgan & Metcalfe 2001; Yearsley et al. 
2004; Mangel & Munch 2005b). Two life history traits negatively affected by compensatory 
growth include lifespan and reproduction. The accelerated growth rate associated with 
compensation can come at the expense of a shortened lifespan (Rattus norvegicus: Hales & 
Ozanne 2003; Gasterosteus aculeatus: Inness & Metcalfe 2008; Lee et al. 2013). A 
decreased lifespan is costly to fitness if it is associated with reduced reproductive output or 
pre-reproductive death. Moreover, a reduction in lifespan due to compensatory growth can be 
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caused by, for example, decreased disease resistance or immunocompetence (due to resource 
allocation trade-offs between growth and maintenance traits) (Siva-Jothy & Thompson 
2002), increased oxidative stress (Noguera et al. 2011), and heightened predation risk from 
increased foraging (Campero et al. 2008). Compensatory growth can also negatively affect 
reproduction because a large proportion of resources that an organism acquires is being 
allocated to growth, thus leaving fewer resources for reproductive traits (Barrett et al. 2009; 
Auer et al. 2010; Lee et al. 2012). For example, accelerated growth can reduce litter size 
(Poecilia reticulata: Auer et al. 2010) and male attractiveness (Gambusia holbrooki: Kahn et 
al. 2012), but could also have no effect on reproductive investment (Harmonia axyridis: 
Dmitriew & Rowe 2011). Investment in primary reproductive traits might also be negatively 
affected by compensatory growth, since their size in many animals is fixed at maturity, but 
no studies have yet to investigate this. 
Unfortunately, we know very little about the effects of compensatory growth on 
lifespan and reproductive investment in insects, given that insects can provide considerable 
insight into the fitness consequences of compensatory growth (Boggs 2009). That insects 
have a restricted timeframe within which to form their adult phenotype (and hence fitness 
potential) stands in stark contrast to other taxa, such as fish, which continue to grow even 
after sexual maturation. This means that insects must ameliorate the negative effects of poor 
early resource conditions before they sexually mature, whereas individuals in other taxa may 
could potentially improve phenotype and fitness post-maturation. 
More generally, the study of compensatory growth is important because organisms 
will increasingly experience episodes of accelerated growth due to rapid and unpredictable 
environmental fluctuations resulting from climate change and habitat alteration. Because 
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insects significantly affect the biological and economic health of our society, it is crucial that 
we identify the effects of compensatory growth on their fitness. My study will address these 
concerns by investigating the effects of compensatory growth on lifespan and reproductive 
investment in the Texas field cricket, Gryllus texensis. I manipulated compensatory growth 
by changing the nutritional quality of the crickets’ diet via dietary dilution (i.e., reducing the 
overall nutrition of the available food source by adding a low-quality substance) and then 
switched diet qualities approximately halfway through the cricket’s developmental period 
(see Chapter I for more details). I predict that crickets experiencing improved nutritional 
conditions during their juvenile period should have an accelerated growth rate (i.e., 
compensatory growth) compared with crickets fed a diet that was either constantly poor or 
constantly good. Crickets in an improved environment should also have a similar 
developmental time and adult body size, mass, and condition compared to those on a 
constant-good diet and larger adult body size, mass, and condition and shorter development 
time compared to individuals on a constant-poor diet (Figure 1). Additionally, I predict that 
compensatory growth will be costly in terms of reduced investment in ovary mass in females 
and testes and harp size in males, compared with individuals on consistently good diets, but 
bigger than crickets on consistently poor diets 
  Methods 
Growth Trajectories and Compensatory Growth 
Crickets were haphazardly assigned to one of four diet treatments at hatching (see 
General Methods in Chapter I), after which I measured their pronotum length (mm) and body 
mass (g) each week until eclosion. Pronotum length (hereafter: body size) was defined as the 
distance between the anterior and posterior edges of the pronotum and was measured to the 
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nearest 0.001 mm under a Leica S6D stereomicroscope using Leica LAS image analysis 
software (Leica Microsystems Inc., Buffalo Grove, IL, USA). Body mass was measured to 
the nearest 0.0001g on a Denver Instruments (TP-64) analytical balance.  
Investigating Reproductive Investment 
At their death, I dissected all experimental adult males and females using a 
stereomicroscope to determine individual reproductive investment. For each female, I cut 
along the ventral side of the abdomen with microscissors and removed the ovaries using fine 
forceps. After removal, I placed each female’s ovaries in individual aluminum weigh boats 
and dried at room temperature (approximately 22˚ C) for 24 hours. Once they dried, I 
weighed the ovaries to the nearest 0.0001g on a Denver Instruments (TP-64) analytical 
balance. For each male, I made an incision along the ventral side of the abdomen with 
microscissors and removed the testes using fine forceps. The testes were placed on a bridge 
slide (a microscope slide with a stack of four coverslips glued to each end and covered by a 
large cover slip once testes are in place) to standardize testes area. The testes were then 
photographed under a Leica S6D stereomicroscope (Figure 1). ImageJ 1.47 software 
(http://rsb.info.nih.gov/) was employed to calculate individual testis area by transforming the 
photo to binary form and then using particle analysis to determine area. Subsequent statistical 
analyses used average testis size of each male. I also measured male harp size by tracing the 
wing’s harp veins in Leica LAS to find the corresponding area (Figure 2) (see also Judge 
2011; Bertram et al. 2011). I calculated average harp area for each male as the mean of the 
right and left harp areas and used the average in subsequent statistical analysis.  
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Statistical Analysis 
For analysis of compensatory growth, I used repeated-measures ANOVA with cricket 
ID and block as random effects. I used linear mixed-effects modelling with block as a 
random factor to test hypotheses involving life history traits. For reproductive investment, I 
kept block as a random factor and considered age at death, and body size as covariates. 
Unfortunately, sample sizes for the lifespan study were too small to permit biologically 
meaningful analyses and thus omitted. For all tests, best-fit models were determined using 
the model selection approach. I compared competing nested models using Akaike’s 
information criterion (AIC), wherein smaller values correspond to a better model. For full 
models and the factors that were retained in the reduced models for each growth rate and 
period, see Tables 5-8 in the Appendix. All statistical analyses were conducted in R (R 
Development Core Team 2013) using the packages lme4 (Bates 2010) and nlme (Pinheiro et 
al. 2009), and data were visualized using ggplot2 (Wickham 2009). 
Testing for Evidence of Compensatory Growth 
To test for evidence of compensatory growth, I followed the statistical analysis 
recommendations outlined by Nicieza and Alvarez (2009), who note that many compensatory 
growth studies may suffer from high Type I error due to lack of accounting for mass 
specificity of growth rates (i.e., smaller animals grow at a faster rate than larger animals). An 
observation of high growth rates after nutritional conditions improve might be mistaken for 
compensatory growth when this increase is actually representing typical growth rates for an 
organism at that specific size. Thus, to reduce false positives, before analysis can begin, all 
organisms should be at statistically similar sizes at the beginning of the compensation period 
(known as the asynchronous comparison approach) (Nicieza & Alvarez 2009). However, 
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despite its potential benefits, very few studies have used asynchronous comparison (e.g., 
Alvarez & Nicieza 2005; Livingston et al. 2014). I will be using both techniques to compare 
compensatory growth evidence in my data. 
Before I began the compensatory growth analysis, I first ensured equal starting points 
(at week 1) for all crickets. To address this, I used linear mixed-effects modeling and found 
no evidence for differences in body mass or body size across diet treatments (body mass: 
F3,227 =1.070, p=0.364; body size: F3,257=0.435, p=0.728), which allowed me to proceed with 
my repeated measures ANOVA tests. For the synchronous approach, I determined the growth 
rates of crickets over two distinct time periods: t0 to t1 (before the diet switch, hereafter 
called Period 1) and t1 to t2 (after the diet switch, Period 2) (described in detail in Figure 3). 
I used the instantaneous relative growth rate G = (lnMt-lnMt0)/t (Ricker 1979; Jobling 2010) 
(where M is the measurement at time t, and t is the amount of time between measurements) 
for growth rate calculations and input these as response variables in my models. 
For the asynchronous approach, I calculated growth rate the same way and over the 
same time periods, but corrected the data so that each cricket was at an equal point at t1 
(week 4). To ensure equal points, I first tested for differences in body mass and body size of 
crickets at the end of Period 1 (t1). Significant differences in the diet treatments emerged for 
both body mass (F3,257=11.499, p=<0.001) and body size (F3,259=6.832, p=<0.001) at that 
time, so I “slid back” the growth trajectories. To determine how far to slide back the 
trajectories, I calculated the weekly growth rate of crickets on each diet from weeks 3-4 
during Period 1. Using the daily growth increments from the rates, I corrected the week 4 
measurements (body mass: GG, -3days; GP, -3days; PP, -1 day; body size: GG, -2days; GP, -
2days; PP, -1 day) until their body mass and body size were indistinguishable (F3,257=0.527, 
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p=0.664). In other words, for all GG crickets, for example, I multiplied their daily growth 
increment by 3 and subtracted that amount from the uncorrected body mass of crickets for 
each week to get the corrected data. After correcting the growth trajectories, I calculated 
corrected growth rates over each period for body mass and body size, using those as 
responses for my asynchronous models (Appendix Table 5C-D). Regardless of the approach 
used, I can conclude that compensatory growth will have occurred if the growth rates of the 
PG crickets are significantly greater than that of the GG crickets. 
The Effects of Diet Treatment and Sex on Cricket Adult Life History Traits 
To determine body condition at the time of eclosion, I used Peig and Green’s (2009, 
2010) scaling mass index (SMI). This index uses the equation SMI=Mi[L0/Li]^bSMA to 
calculate the body mass (Mi) that each cricket would have if its body size (Li) were 
standardized to the mean body size of the population (L0) accounting for the scaling 
relationship between body mass and body size (bSMA). To get each cricket’s SMI, I first used 
the smatr package (Warton et al. 2012) in R (R Development Core Team 2013) to calculate 
the slope (bSMA) of the best-fit lines from a model II standardized major axis regression of 
body mass on body size (both variables log-transformed) for each of the four diet treatments. 
A model II regression (using standardized major axis regressions) is especially useful for this 
type of body condition calculation because it takes into account that the x (body size) and y 
(body mass) variables have some amount of error associated with their measurements (Peig 
& Green 2010). The model II slopes for the four diet treatments did not differ (likelihood 
ratio=2.409, p=0.499; Figure 4), so I combined the diet treatments and used the common 
slope (bSMA=2.029) and the mean body size (L0=3.358) of all the experimental crickets for 
SMI calculations (Figure 5). Consequently, I determined an organism’s SMI by imputing its 
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eclosion body mass (Mi) and eclosion body size (Li) into the equation 
SMI=Mi[3.358/Li]^2.029.  
The Effect of Diet Treatment on Reproductive Investment in Crickets 
Since a subset of crickets used in this study was also used in my disease resistance 
study (Chapter III), I included injection status (discussed in Chapter III methods e.g., control, 
experimental, no injection), diet treatment, and body size and age at death as covariates with 
block as a random effect. A separate model assessed ovary mass, testes size, and harp area, 
and I used minimum reduced models for final analysis (Appendix Table 7). 
Results  
Testing for Evidence of Compensatory Growth 
As expected, there was no difference in body mass or body size between crickets on 
any of the four diet treatments at the beginning of Period 1 (body mass: F3,227=1.07, p=0.364; 
body size: F3,257=0.435, p=0.728; Appendix Tables 2 and 3; Figures 6 and 7). Diet treatment, 
period, sex, and their interactions significantly affected growth rates for both body mass and 
body size (both corrected and non-corrected data) throughout the experiment.  
I first compared body mass growth rates between diet treatments using the 
synchronous approach. In Period 1, I found that both PG (t66,249=-2.633, p=0.009) and PP 
crickets (t66,249= -2.964, p=0.003) had significantly lower growth rates than GP and GG 
crickets, with no significant differences between sexes (Appendix Table 5A). In Period 2 (the 
compensation period), GP crickets gained body mass at a significantly lower rate than GG 
crickets (t70,251=-2.802, p=0.005) while PG and PP crickets’ growth rates were similar to GG 
crickets. There was a sex difference in Period 2 with GG and PP males growing at a higher 
rate than GG and PP females (GG: t70,252=-2.051, p=0.041; PP: t6,251=-1.989, p=0.048).  
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As expected, I found no significant effect of diet treatment or sex (Appendix Table 
5C) during Period 1 (due to using corrected measurements) when using the asynchronous 
approach to investigate body mass growth rate. In Period 2, GP and PP crickets grew at 
significantly lower rates than GG crickets (GP: t252,252=-2.354, p=0.019; PP: t252,252=-3.037, 
p=0.003), while there was no difference in growth rates between PG and GG crickets. Sex 
significantly affected rate of growth in body mass in the PP diet treatment as males gained 
body mass at a significantly lower rate than females (t252,252=-2.067, p=0.040). 
My diet treatments had fewer significant effects on the rate of growth in body size 
than on the rate of body mass. Using the synchronous approach, I found, as expected, that 
crickets in the PG and PP diet treatments experienced a significantly lower body size growth 
rate in Period 1 than crickets in the GG and GP treatments (Appendix Table 5B). In Period 2, 
all crickets had similar growth rates to GG crickets with PG crickets having significantly 
higher body size growth rates than GP (t250,250=-2.019, p=0.045), while there was no 
differences between males and females. This suggests that PG crickets had higher body size 
growth rates in Period 2 than in Period 1, providing evidence that PG crickets did increase 
their growth rates after nutritional conditions improved.  
Using the asynchronous approach, I found no sex or diet treatment differences in 
body size growth rates, as expected, in Period 1 (all factors p>0.10) (Appendix Table 5D). In 
Period 2, the body size of PP crickets increased at a significantly lower rate than crickets on 
any other diet treatment (all factors <0.05). Crickets on the PG diet treatment did not 
significantly differ from GG or GP in their growth rates. Males across all diet treatments 
grew at significantly lower rates than females (all comparisons p<0.05). 
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Effects on Time to Eclosion, Eclosion Mass, Body Size, and Body Condition 
As predicted, PG and GG crickets significantly differed in their time to eclosion 
(Figure 8; Appendix Tables 3A, 6A) with PG crickets requiring more time than GG crickets 
to reach adulthood (t25,275=2.64, p=0.009; Appendix Tables 3A, 6A for means ± SE), while 
PP and GP crickets took a statistically similar amount of time to eclose. These differences 
were also sex-dependent, as GG males required significantly more time to eclose than 
females (t25,275=2.38, p=0.018; Figure 8; Appendix Tables 3A, 6A).  
Diet treatment also impacted eclosion body mass and body size (Appendix Table 7B-
C) with GG crickets having a larger body size and body mass at eclosion than crickets in the 
other diet treatments (Appendix Tables 3B-C, 6B-C ; Figures 9-10) and GP having a 
significantly heavier body mass than PP crickets (t50,276=2.725, p=0.007). Additionally, PG 
crickets were also smaller than GP crickets (t7,274=2.526, p=0.012). Overall, GG and PP 
females had significantly larger body sizes (Figure 10) at eclosion than males (GG: t8,273=      
-3.028, p=0.003; PP: t7,274=-3.089, p=0.002).  
Unexpectedly, only PG crickets were in significantly poorer body condition than GG 
crickets at eclosion (t6,273=-2.152, p=0.032; Figure 11; Appendix Tables 3D, 6D), as no other 
treatment comparisons proved significant (all comparisons p>0.10). Males and females did 
not differ in their body condition except within the GP diet, wherein males were in better 
body condition than females (t5,272= 3.669, p=<0.001; Figure 11). 
Effects on Reproductive Investment 
Reproductive investment in females was significantly affected by diet treatment, but 
opposite to prediction, as PG females had significantly larger ovaries than GP crickets 
(ANCOVA controlling for body size: t52,45=2.542, p=0.015) and GG females had slightly 
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larger, but marginally non-significant, ovaries than GP females (t30,50=-1.711, p=0.093) 
(Appendix Tables 4A, 7A; Figure 12). Additionally neither injection status nor the covariate 
body size significantly influenced female reproductive investment (Appendix Table 7A). My 
findings regarding male reproductive investment also contradicted prediction as no 
experimental treatment significantly affected testis size (Figure 13; Appendix Tables 4B, 7B) 
or harp area (Figure 14; Appendix Tables 4C, 7C).  
Discussion 
Contrary to prediction, crickets subjected to a poor start in life did not show 
significant compensatory growth after their nutritional conditions improved. The rates of 
growth in either body mass or body size of PG crickets were not significantly different from 
GG crickets; a finding robust to two common statistical methods (i.e., the synchronous and 
asynchronous approaches) used by students of compensatory growth. While I found no 
evidence for compensatory growth in PG crickets, they still differed from crickets in the 
other treatment groups in a variety of adult life history traits. Crickets on the PG treatment 
had similar growth rates to GG crickets but had, on average, a significantly longer 
development time, lighter body mass, smaller body size, and poorer body condition at 
eclosion. Reproductive investment also did not match prediction as PG females had 
significantly heavier ovaries than GP females, but did not significantly differ from GG 
females, while diet treatment had no effect on male testis size or harp area.  
Surprisingly, the experimental crickets did not undergo the compensatory growth that 
many studies of other taxa have identified (Metcalfe & Monaghan 2001; Hector & Nakagawa 
2012); misuse of statistical analysis in the field is one possible explanation. The way 
researchers have analyzed compensatory growth in the past has led to inflated Type I error 
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rates due to lack of accounting for mass-specific growth rates (as discussed in: Alvarez & 
Nicieza 2005; Nicieza & Alvarez 2009). If so, the phenomenon of compensatory growth 
might be less common than reported, which would line up with my findings. In my study, 
however, even though the synchronous approach suggests that PG crickets might have begun 
to experience compensatory growth (PG crickets had non-significant, but higher body mass 
growth rates [even though p>0.10] and equal body size growth rates to GG crickets), overall, 
the synchronous and asynchronous tests produced similar conclusions.  
Several alternative hypotheses exist to explain why my study did not show significant 
compensatory growth, assuming that G. texensis do indeed undergo accelerated growth when 
nutritional conditions improve. First, the lack of statistically significant compensatory growth 
might be an artifact of my experimental design. There are many ways to manipulate diet in 
the study of compensatory growth (discussed in Metcalfe & Monaghan 2001, summarized in 
Chapter I, Table 1). Because relatively few researchers have used dietary dilution in 
compensatory growth studies (e.g., Jespersen & Toft 2003; Criscuolo et al. 2008, 2011; 
Esperk & Tammaru 2010; Jones et al. 2011), compared to restriction and starvation 
manipulations (reviewed in Chapter I, Table 1), dilution might not be the best way to 
simulate compensatory growth in crickets. Nonetheless, a meta-analysis by Hector and 
Nakagawa (2012) examining compensatory growth research across a variety of taxa suggests 
that dietary dilution should produce compensatory growth in similar ways to dietary 
restriction. Second, the diet qualities might have been inappropriate as my good-quality diet 
might not have been nutritious enough to ameliorate an early period of poor nutrition, or the 
poor-quality diet was too harsh for the crickets to compensate for. Third, the crickets might 
not have been able to compensate if the diet qualities within each treatment were switched 
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too late. For instance, when Jespersen and Toft (2003) conducted dietary dilution to stimulate 
compensatory growth, they gave a poor-quality diet to spiders (Pardosa prativaga) until 60% 
of organisms died, in many cases within the first 30 days of a 150-day juvenile period 
(manipulation covered ~20% of their juvenile period), a much shorter manipulation time than 
my study. The spiders could have used this additional time to compensate. Similarly, Esperk 
and Tammaru (2010) only had their moth larvae on a poor diet for the equivalent of one 
instar, or between 1/6th (~17%) and 1/5th (20%) of the organism’s developmental period, 
and they still observed compensation. Perhaps crickets in my study could not compensate for 
poor nutritional conditions during the first 4 weeks of their life, which represented, on 
average, 45% of their juvenile period.  
One last explanation for why I did not find evidence of compensatory growth is that 
crickets (and potentially all hemimetabolous insects) respond to changing juvenile 
environments differently than other types of organisms. Because hemimetabolous insects 
often have a similar diet during both juvenile and adult stages (Barrett et al. 2009), it might 
not have been as imperative for them to undergo compensatory growth during their juvenile 
period because they might have been able to continue to compensate (at least through 
improving body condition, a critical factor in insect fitness) into adulthood. Increasing body 
size and improving body condition in crickets after eclosion to adulthood has often been 
observed in the lab (e.g., Judge et al. 2008; Kelly & Tawes 2013).  
The lack of significant compensatory growth notwithstanding, improving juvenile 
nutritional conditions did have unexpected sex-specific effects on reproductive investment. 
Contrary to prediction, males across all diet treatments did not significantly differ in average 
testis size or harp area, providing no evidence that that PG or PP – i.e., that males that 
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experienced poor nutrition incurred costs to their reproductive investment. This result is very 
surprising, as it seems that male PG crickets were able to compensate for poor juvenile 
nutritional conditions through increasing investment in reproduction and not necessarily 
through increasing body growth or condition, as PG crickets were smaller and in poorer body 
condition than GG at eclosion. 
This suggests that crickets experiencing environmental changes during development 
may demonstrate different reproductive trade-offs than their constant environment 
counterparts. Perhaps males that experienced poor nutrition at some point during their 
developmental period perceived a threat to their future mating success (due to their 
potentially smaller body size as adults), and increased investment in reproduction and 
reduced investment in other traits such as lifespan or immunity, thus allowing males to 
maximize their reproductive output early in case they died prematurely. Although PG and GP 
had similar size testes to GG males, they may be of poorer quality because the high 
metabolic rate due to rapid growth increases oxidative damage to tissue in vertebrates and 
potentially invertebrates (Noguera et al. 2011). A simple test for sperm quality and quantity 
would determine if the testes between PG and GG males differed in their ability to produce 
functional sperm. Additionally, even though PG males apparently invested similar resources 
in their testes and harp size as GG crickets, they might have experienced costs to other 
reproductive traits, such as reduced attractiveness, calling ability, or limited energy to 
compete against rival males (Holzer et al. 2003; Walling et al. 2007).  
Another interesting finding is that PP males had similar testes size to GG males which 
is inconsistent with studies showing that poor nutrition reduces male testis size (e.g., 
Scathophaga stercoraria: Ward & Simmons 1991). Eberhard et al. (1998) and Katsuki et al. 
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(2012) explain that primary reproductive traits might be canalized and thus not affected by 
rearing environment. More likely, equal allocation of resources towards reproductive 
investment might have come with costs to other traits such as survival, lifespan (e.g. Hunt 
2004; Boggs & Freeman 2005; Adler et al. 2013), and immunity (e.g. Adamo et al. 2001; 
McNamara et al. 2012).  
Similar to testes size, diet treatment did not affect average harp size. This lack of an 
effect may suggest that males allocate a baseline amount of resources into investment in harp 
size regardless of the nutritional conditions within which they develop. Harps are extremely 
important for male reproductive success as they need a functioning harp to attract females, 
and males with larger harps have greater mating success than those with smaller structures 
(Simmons 1994; Jacot et al. 2005; Judge et al. 2008; Judge 2011).  
Contrary to prediction, ovary size of PG females did not differ from GG females 
while PG females had significantly larger ovaries than GP females, providing no evidence 
that PG females experienced costs to their reproductive investment. My results are consistent 
with Dmitriew and Rowe (2011) who also observed no costs to reproductive investment (via 
number of eggs laid) in female Harmonia axyridis beetles after juvenile nutritional 
conditions improved, and Inness and Metcalfe (2008), who observed no differences in female 
clutch size in Gasterosteus aculeatus.  
These results are surprising, as female PG (and PP) crickets were able to compensate 
for poor juvenile nutritional conditions through increasing investment in reproduction and 
not necessarily through increased body growth or body condition. Additionally, differences 
between PG and GP females suggests that timing of poor nutritional conditions during 
development is critical in determining costs to reproductive investment (poor-nutritional 
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conditions later in development may be more detrimental to reproductive investment than 
poor-nutritional conditions earlier in life). Not only are these results counter to prediction, 
they also do not show the negative effects of low quality diets found in other studies. 
Colasurdo et al. (2009) found that female forest-tent caterpillars (Populus tremuloides) on a 
low-protein high-carbohydrate diet (similar to my poor-quality diet) had significantly lighter 
ovaries than crickets fed high-protein, low-carbohydrate diets (similar to my high-quality 
diet). Barrett et al. (2009) found similar effects in cockroaches (Nauphoeta cinerea), none of 
which were present in G. texensis as crickets exposed to any length of poor nutritional 
conditions still had similar ovary masses to GG crickets. Additionally, Kasumovic (2013) 
suggests that, because large body size in females is crucial to reproductive success and 
subsequent female fitness, females reaching a smaller body size may allocate more resources 
to reproduction via increased egg production (and therefore ovary mass) to make up for the 
costs of reduced body size.  
Another explanation for these conflicting results is that the size of insect ovaries, 
unlike male reproductive organs, is not fixed at eclosion since the volume and mass is 
directly proportional to the amount of eggs the female is carrying. Simply having larger 
ovaries with a larger number of eggs does not necessarily benefit female fitness if there are 
differences in egg quality (Stahlschmidt et al. 2013). Egg number and quality often trade off 
in insects (Barbosa & Capinera 1977; Simmons 1988); therefore, even if all crickets had 
similar ovary mass, crickets that experienced consistently good conditions might have had 
fewer, larger eggs while crickets experiencing poor nutritional conditions might have more 
eggs but of lower quality. Moreover, the costs to reproduction as a consequence of changing 
juvenile nutritional conditions might not manifest in the primary reproductive organs but 
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instead affect female mate choice, fertilization success, and/or number of eggs laid during a 
lifetime.  
Many of the possible explanations discussed in the last few paragraphs can be 
investigated experimentally. For compensatory growth, experiments with varying points of 
resource switching during development would help determine the critical times, if any, in 
development where crickets experience compensatory growth. It would also be interesting to 
expand an investigation of reproductive investment to multiple traits, beyond what I already 
measured, to determine which aspects of the male and female reproductive system are most 
affected by changing resources during the juvenile period, thus revealing other trade-offs 
within the reproductive system that occur during compensatory growth. An investigation of 
how such changes in these trade-offs would actually affect overall cricket fitness (i.e., 
lifetime reproductive output and offspring success for females, and courtship and mating 
success for males) would be especially meaningful.  
In summary, this experiment shows that, unlike many documented studies across a 
wide range of taxa, my experimental crickets did not compensate for their early period of 
reduced development. Despite the lack of compensatory growth, diet treatment and sex had 
significant impacts on the crickets’ adult life history traits and reproductive investment. My 
results imply that crickets might have reduced ability to compensate through increasing 
growth rate, body condition, body mass, and body size, but may instead compensate through 
increasing reproductive investment if poor nutritional conditions improve. Consequently, 
increases in future resource fluctuations due to habitat alternation and climate change might 
not affect crickets as severely as organisms in other taxa. Future research should investigate 
if the lack of evidence of compensatory growth in crickets is due to experimental design or 
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factors that are outside of experimental control. Additionally, investigation of multiple 
components of reproductive investment and other life history traits will provide a more 
complete picture of the effects of changing nutritional conditions during the juvenile period 
on the adult fitness. 
 
 
Figure 1. Example photograph of testes using a bridge slide. These photos were taken using 
Leica software under a dissecting scope. 
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Figure 2. To measure harp area, the harp veins of each male cricket’s wing were traced to 
form a triangle. Using these lines, the area of the triangle was calculated to determine harp 
size. 
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Figure 3. Visual description of the periods used in my compensatory growth analysis. t0 
is when the diet manipulation began, t1 is the time where diets were switched, and t2 is the 
time when each cricket eclosed. Period 1 (green line) represents the time pre-diet switching 
and Period 2 (purple line) is the time after the diet switch. M0, M1, and M2 represent the 
measurements (body mass or body size) at each time point. 
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Figure 4. Model II regression slopes for crickets from each diet treatment at time of 
eclosion. Reduced major axis regression slopes for the diet treatments were not statistically 
significantly different (GG: slope=2.094, slope 95% CI=1.71-2.57, intercept= -3.497, n=69; 
GP: slope=1.800, slope 95% CI=1.48-2.19, intercept= -3.178, n=80; PG: slope=2.129, slope 
95% CI=1.72-2.64, = -3.558, n=64; PP: slope=1.812, slope 95% CI=1.52-2.16, intercept=     
-3.201, n=73).  
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Figure 5. Model II regression common slope for all crickets at time of eclosion. The red 
line represents the common slope of all crickets (slope=2.029, intercept=-3.442).  
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Figure 6. The effect of diet treatment on cricket body mass over development. Each 
point represents the average body mass of all crickets (sexes were pooled) within each 
treatment at a given time period (t0=start of experiment, t1=time of diet switch, t2=eclosion) 
and the error bars represent standard error. 
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Figure 7. The effect of diet treatment on cricket body size over development. Each point 
represents the average body size of all crickets (sexes were pooled) within each treatment at a 
given time period (t0=start of experiment, t1=time of diet switch, t2=eclosion) and the error 
bars represent standard error. 
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Figure 8. The effect of diet and sex on time to eclose. Each point represents the average 
time to eclosion from crickets in that diet treatment and sex, and each error bar represents the 
standard error. Sample sizes are given in Figures 6 and 7. 
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Figure 9. The effect of diet and sex on eclosion body mass. Each point represents the 
average body mass at eclosion from crickets in that diet treatment and sex, and each error bar 
represents the standard error. Sample sizes are given in Figures 6 and 7. 
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Figure 10. The effect of diet and sex on eclosion body size. Each point represents the 
average body size at eclosion from crickets in that diet treatment and sex, and each error bar 
represents the standard error. Sample sizes are given in Figures 6 and 7. 
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Figure 11. The effect of diet and sex on eclosion body condition. Each point represents the 
average body condition at eclosion from crickets in that diet treatment and sex, and each 
error bar represents the standard error. Sample sizes are given in Figures 6 and 7. 
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Figure 12. The effect of diet treatment and sex on ovary mass. Each box represents the 
lower (25%) and upper (75%) quartiles, the solid dark horizontal line is the median, and the 
whiskers indicate 1.5 times the interquartile range.  
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Figure 13. The effect of diet treatment and sex on average testis size. Each box represents 
the lower (25%) and upper (75%) quartiles, the solid dark horizontal line is the median, and 
the whiskers indicate 1.5 times the interquartile range.  
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Figure 14. The effect of diet treatment and sex on average harp area. Each box 
represents the lower (25%) and upper (75%) quartiles, the solid dark horizontal line is the 
median, and the whiskers indicate 1.5 times the interquartile range.  
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CHAPTER III 
THE EFFECT OF CHANGING JUVENILE NUTRITIONAL CONDITIONS AND 
COMPENSATORY GROWTH ON ADULT DISEASE RESISTANCE  
Abstract 
Compensatory growth can be beneficial by allowing organisms that previously 
experienced reduced development to eclose at similar sizes and at similar times to their well-
fed counterparts, but the accelerated growth rate can be costly to many traits, such as 
immunity. To test the effects of changing juvenile nutritional conditions on adult disease 
resistance, I raised crickets on either a good- or a poor-quality diet, switched their diets half 
way through their juvenile period, and compared growth rates from crickets on all diets after 
the switch. Once crickets were sexually mature, I determined disease resistance of crickets 
across diets by measuring survival after an LD50 injection of the bacteria Serratia 
marcescens. Diet treatment had sex-specific effects on adult disease resistance, even though 
there was no evidence of compensatory growth in my experimental crickets. In females, there 
were no significant differences in disease resistance across diet treatments, although PP 
crickets tended to have higher disease resistances than crickets from any other diet treatment. 
In males, the opposite occurred, as significantly fewer PP crickets were alive at the end of the 
assay compared to GG crickets. In both males and females, PG crickets had similar disease 
resistances to GG crickets, suggesting that after nutritional conditions improved, crickets 
were able to compensate for any costs to immune investment. Further investigation of 
multiple immune system components and their interactions will provide a more complete 
view of the effects of improving juvenile nutritional conditions on adult immunity. 
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Introduction 
 
Compensatory growth is characterized by an increased growth rate of an organism 
following a period of poor resource conditions (Lindström 1999; Metcalfe & Monaghan 
2001; Jobling 2010). Accelerated growth after resource conditions improve can be beneficial 
by allowing organisms to compensate for their previously reduced development by maturing 
at similar sizes and at similar times to their good-environment conspecifics (Metcalfe & 
Monaghan 2001; Mangel & Munch 2005; Monaghan 2008). This increase in growth, 
however, may be costly and result in long-lasting effects on a variety of an organism’s traits 
including lifespan, reproduction (Chapter I Table 1; Yearsley et al. 2004; Stoks et al. 2006; 
Hector & Nakagawa 2012), and possibly even immunity (Dmitriew et al. 2007; Campero et 
al. 2008).  
Having a functional immune system is essential due to the parasites, bacteria, and 
viruses an organism encounters throughout its life (Siva-Jothy et al. 2005; Schmid-Hempel 
2011). An effective immune system, typically associated with increased lifespan, helps 
organisms recover quickly and successfully from infections, thereby increasing an 
individual’s potential reproductive opportunities and fitness (Zuk & Stoehr 2002). 
Maintaining an effective immune system could be significantly compromised if an organism 
experiences periods of poor resource conditions (such as poor nutrition as in my study), even 
if conditions improve. Compensatory growth may negatively affect immunocompetence 
because activation and maintenance of the immune system are energetically and nutritionally 
costly (Lochmiller & Deerenberg 2000; Freitak et al. 2003; Jacot et al. 2004; Ardia et al. 
2012), and increased resource allocation towards growth decreases energy available for the 
immune system. Additionally many insects have lipoproteins that aid in both digestion (via 
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lipid transport) and immune activation (by binding to Gram-positive bacteria and breaking 
them down) (Van der Horst 1990; Wendel et al. 2007; Adamo et al. 2008). If an organism is 
ingesting food at a high rate, as occurs during compensatory growth, the lipoproteins are 
increasingly used for lipid digestion, potentially leaving fewer for use in immune activity 
(Adamo et al. 2010). Even though examining the effects of accelerated growth rates on 
immunity facilitates an understanding of how compensatory growth affects an organism’s 
fitness, very few studies have investigated it. Those that have, found that compensatory 
growth reduces phenoloxidase levels in Lestes viridis and Coenagrion puella damselflies 
(Campero et al. 2008; De Block & Stoks 2008), but it has no effect on phenoloxidase levels 
in Ischnura verticalis damselflies (Dmitriew et al. 2007). Aside from these studies, little else 
is known about how accelerated growth affects immune system function, especially at the 
whole organism level (i.e., survival after an immune challenge). 
As climate change and anthropogenic habitat alteration increase fluctuations in 
resource availability and quantity, compensatory growth may become more prevalent 
(Stocker et al. 2013). Additionally, heightened temperatures will also increase the severity of 
disease outbreaks, making it easier for bacteria and viruses to spread (Patz & Reisen 2001; 
Martin et al. 2010). Therefore, investigation into how an organism’s immune system might 
be affected by compensatory growth is extremely important because a robust immune system 
enables an organism to survive, as well as to fight off any sexually transmitted diseases they 
encounter as adults, both of which have a significant impact on fitness (Lawniczak et al. 
2007; Adamo & Lovett 2011).  
Here, I investigate the effects of changing nutritional conditions during the juvenile 
period on adult disease resistance using the Texas field cricket, Gryllus texensis. I 
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manipulated the nutritional quality of the diet fed to crickets via dietary dilution, and 
stimulated compensatory growth by switching diets (from poor to good) approximately 
halfway through the cricket’s developmental period (see General Methods for more details). 
Upon eclosion, I measured the disease resistance of each cricket. I predict that compensatory 
growth should be costly in terms of reduced adult disease resistance compared to individuals 
fed a consistently good diet, but larger than individuals fed a consistently poor diet.  
Methods 
Techniques to Investigate the Immune System 
The invertebrate immune system is complex and comprised of many different 
components, thus there are a variety of methods available to investigate immunity. Although 
focusing on individual components of the immune system can be useful, it might not be the 
best measure of an organism’s ability to resist disease due to tradeoffs that occur between 
different types of immune effectors during an immune challenge (Adamo 2004a, 2004b; 
Siva-Jothy et al. 2005; Schmid-Hempel 2005; Ardia et al. 2012). Adamo (2004a) argues that 
measuring the immune system of the whole organism via host resistance tests, involving 
immunocompromising an individual (usually through bacterial infection) and measuring 
mortality, will provide a more accurate representation of its immunity because all aspects of 
the immune system are tested simultaneously. However, host resistance tests have yet to be 
used in studies of compensatory growth research. 
Experimental Design and Host Resistance Tests 
Crickets were haphazardly assigned to one of four diet treatments at hatching (see 
Chapter I General Methods for more details), and the crickets remained on their diet 
treatment throughout life. Once they were sexually mature (7-11 days post eclosion), I 
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randomly assigned crickets from each diet group to either a host resistance test using an 
injection of the bacterium Serratia marcescens (hereafter: experimental) or a sham injection 
of sterilized nutrient broth (hereafter: control) (the same type of media the S. marcescens is 
cultured in). S. marcescens is a Gram-negative soil bacteria that is frequently used in insect 
immunology studies (e.g., Adamo et al. 2001; Valtonen et al. 2011; Dowling & Simmons 
2012) and commonly found in the cricket’s natural environment (Adamo et al. 2001). Prior to 
injection, body size (via Leica LAS software; Leica Microsystems Inc., Buffalo Grove, IL, 
USA) and body mass (scale: Denver Instruments TP-64) of each cricket were measured (see 
Chapter I General Methods for more details). Host resistance tests consisted of an LD50 dose 
(2.0x104 cells/2 µl) of S. marcescens injected into the abdomen’s right side using a 
microcapillary needle (each needle was only used once). Injections for the controls consisted 
of a 2 µl abdominal injection of sterilized nutrient broth. Crickets were cold anesthetized in a 
-20˚C freezer prior to injection. After injection, each cricket was placed in a new deli cup 
with fresh food, cardboard shelter, and water, and monitored for mortality every 12 hours 
until death. 
Statistical Analysis 
Calculation of Body Condition at Time of Assay 
I determined body condition at the time of eclosion via Peig and Green’s scaling mass 
index (Peig & Green 2010) (SMI) (SMI=Mi[L0/Li]^bSMA) using the body mass and body size 
of  all experimental crickets at time of assay (7-11 days post eclosion) (for further details 
about my use of this SMI, see Chapter II Methods). The model II regression slopes for the 
four diet treatments did not differ (likelihood ratio=0.940, p=0.816; Figure 1), so I combined 
the diet treatments and used the common slope (bSMA=1.947) and the mean body size of all 
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the experimental crickets (L0=3.389mm) in my SMI calculations (Figure 2). I determined 
each individual’s SMI by imputing body mass (Mi) and body size (Li) at the time of assay 
into the equation SMI=Mi[3.389/Li]^1.947. 
The effect of diet treatment and sex on crickets’ body condition at time of assay was 
tested using linear mixed-effects models in R (R Development Core Team 2013) with the 
packages lme4 (Bates 2010) and nlme (Pinheiro et al. 2009). In the models, block functioned 
as a random effect while sex, diet treatment, and sex*diet interactions were fixed effects. Age 
at assay was also taken into account in the model as a covariate since crickets were anywhere 
from 7-11 days post-eclosion at the time of measurement. Model selection determined the 
best-fit model. I compared competing nested models using Akaike’s information criterion 
(AIC), wherein smaller values correspond to a better model. Factors that proved significant 
to the model are in Appendix Table 6E.  
Testing the Effect of Diet Treatment and Sex on Adult Disease Resistance 
I used mixed-effects Cox regression (data met the assumption of proportional 
hazards) to test the effect of diet treatment, sex, and the interaction of diet*sex on survival 
after injection while including block as a random effect. The survival of both control and 
experimental crickets were analyzed in the statistical environment R using coxme (Therneau 
2012) and survival (Therneau 2014). All data were visualized using ggplot2 (Wickham 
2009). 
Results 
Body condition at the time of injection with the bacterium S. marcescens did not 
significantly differ among diet treatments (all comparisons p>0.10) (Appendix Tables 3E, 
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6E; Figure 3). The sexes differed in body condition in the PP treatment with males having 
significantly poorer body condition than females (t12,127=-2.641, p=0.009; Figure 3).  
As expected, significantly more control crickets survived injection than experimental 
crickets (z=-2.65, p=0.008) (Figures 4 and 7). These findings validate the procedure for 
testing disease resistance by showing that any differences in survival between diet treatments 
are due to the bacterial infection and not a result of injury.  
More GG crickets overall were alive at the end of the assay than any other diet 
treatment while PP crickets had the second-highest proportion of survival, and PG crickets 
had the lowest, although none of these differences were significant (GP: z=0.84, p=0.400; 
PG: z=1.61, p=0.112; PP: z=0.85, p=0.392) (Figure 4). A significant interaction between diet 
treatment was evident in the full dataset (z=2.35, p=0.019) and therefore I analyzed each sex 
separately. In experimental males, fewer PP (z=2.30, p=0.022) and GP (z=1.94, p=0.052) 
crickets were alive at the end of the study compared to GG males, while PG males did not 
differ significantly from GG males (z=1.66, p=0.097) which had the highest proportion of 
crickets surviving (Figure 6). Conversely, in females, although none of those differences was 
significant, PP crickets had the highest proportion surviving after S. marcescens injection, 
while PG and GG crickets had the lowest (GP: z=-0.19, p=0.851; PG: z=0.52, p=0.612; PP: 
z=-1.29, p=0.203; Figure 5). 
Discussion 
I did not find any evidence of compensatory growth in my experimental crickets after 
nutritional conditions improved (see Results and Discussion from Chapter II). Diet treatment, 
however, still had a sex-specific effect on adult disease resistance despite all crickets being in 
statistically similar body conditions at the time of injection. In males, a significantly higher 
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proportion of crickets from the GG treatment were alive at the end of the experiment 
compared to PP treatment crickets. Additionally, PG and GP male crickets had marginally 
insignificantly lower survival compared to GG crickets. Females exhibited an opposite 
pattern to males in terms of disease resistance. Within females, no significant differences in 
disease resistance emerged, but trends revealed that a higher proportion of PP crickets 
survived bacteria injection than any other diet treatment, with PG having the second-highest 
proportion surviving, and GG and GP having the lowest. All results were contrary to 
prediction. 
Unexpectedly, males and females were in similar body conditions at the time of 
injection regardless of diet treatment, contrary to other cricket studies that show significant 
sex differences (with females typically being larger) in mass gain and body condition by 
sexual maturity (7-10 post maturity) (Judge et al. 2008; Kelly & Tawes 2013). This lack of 
variation in body condition makes the survival comparisons very interesting. Since 
investment in the immune system is often resource and condition dependent (Siva-Jothy & 
Thompson 2002; Freitak et al. 2003; Jacot et al. 2004; Ardia et al. 2012), and the body 
condition of all crickets were statistically equal, any differences in disease resistance in this 
study must be linked to the juvenile environment.  
I did not support my prediction that improving nutritional conditions during the 
juvenile period would be costly to immune function compared to crickets experiencing good 
nutritional conditions. My results are in line with Dmitriew et al. (2007) who found that 
improving nutritional conditions during the juvenile period did not have an effect on 
damselfly (Ischnura verticalis) phenoloxidase activity, and counter to Campero et al. (2008), 
who showed that Cenagrino puella damselflies that had been starved during development 
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had lower investment in immune response as adults compared to non-starved damselflies, 
even after allowing compensation. One potential explanation for the lack of differences 
between PG and GG crickets is that, even though immunity is down-regulated upon 
starvation, it can quickly be up-regulated again once conditions improve, which Siva-Jothy 
and Thompson (2002) found occurring in mealworms (Tenebrio molitor). Another possibility 
is offered in a study using Drosophila melanogaster that shows that flies fed a diet high in 
protein had increased transcription of immunity-boosting genes (Fellous & Lazzaro 2010). 
Even a short exposure to high-protein food, as with my PG and GP crickets, might have 
allowed up-regulation of these genes and led to increased disease resistance to levels found in 
GG treatment crickets. 
The effect of diet treatment on immunity was different for males than for females. 
Although there were no significant differences between diet treatments, female PP crickets 
had the highest chance of survival post-infection, with GG, GP, and PP crickets having lower 
disease resistances. These findings are consistent with results from Kelly and Tawes (2013) 
showing that G. texensis females that were on a consistently poor-quality diet had increased 
disease resistance compared to crickets on consistently high-quality diets, but only in 
females. Klemola et al. (2007) also observed a positive effect of a poor-quality diet on 
immune system activation (via encapsulation rate), but in female autumnal moths. Kelly and 
Tawes (2013) postulate that such sex-specific differences may manifest because females on a 
poor-quality diet, perceiving a threat to the adult environment, invest more heavily in adult 
immunity at the expense of other life history traits such as reproduction. This would allow 
females to live longer and potentially increase lifetime reproductive output, which is 
predicted as females often maximize fitness investing in lifespan (Zuk & Stoehr 2002; Stoehr 
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& Kokko 2006). Since GG crickets might have perceived their environment to be good, they 
could have invested equal resources in immunity and other life history traits (but fewer in 
each), resulting in a minimized disease resistance compared to PP crickets. 
In males, the crickets on the GG treatment lived significantly longer than PP crickets 
after injection with S. marcescens. This observation was opposite to females in which PP had 
the highest disease resistance (although differences were not significant). These results were 
contrary to those found by Kelly and Tawes (2013) where G. texensis male crickets on a 
consistently poor-quality diet had similar disease resistances to consistently good-quality diet 
males. Since males typically maximize their fitness by investing heavily in reproduction, 
trade-offs between reproduction and other life history traits, such as immunity, often occur 
(Zuk & Stoehr 2002; Rantala et al. 2003; Stoehr & Kokko 2006; Simmons 2011). Given 
limited resources, these trade-offs could become more severe. This might explain why PP 
crickets were less likely to live through the infection with S. marcescens than GG crickets. 
PP males might have perceived a threat to their adult fitness due to poor juvenile nutritional 
conditions and increased investment in reproduction at the expense of immunity. 
Future investigations should assess potential costs associated with changing juvenile 
environments in investment in multiple aspects of the immune system. Since the invertebrate 
immune system functions through activation of multiple components (e.g., phenoloxidase 
production, encapsulation response, melanization, hemocyte levels, etc.), and they often trade 
off, diet may affect each component differently (Loker et al. 2004; Schmid-Hempel 2005). 
Investigations should also include multiple types of pathogens in the disease resistance study 
as each pathogen type can activate the immune system differently (Rolff & Siva-Jothy 2003; 
Siva-Jothy et al. 2005).  
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In summary, I found, contrary to prediction, that improving nutritional conditions 
during development, despite the lack of evidence for compensatory growth, did not result in 
reduced disease resistance. Male GG crickets had significantly higher disease resistance than 
PP crickets, while GP and PG crickets had intermediate disease resistances. In females, no 
significant differences appeared between diet treatments, but PP crickets had a slightly, but 
not significantly, higher proportion of crickets surviving at the end of the assay compared to 
GG, GP, and PG crickets. These results suggest that males and females might be using sex-
specific strategies to maximize fitness; with females investing more in immunity compared to 
males. My findings imply that PG crickets were able to compensate for costs to immunity 
from their period of poor nutrition, ending up with similar disease resistances as their 
consistently well-fed counterparts. Further investigation into the effect of diet on multiple 
components of the immune system and in various types of pathogen infections will provide a 
more complete view of how changing juvenile nutritional conditions can modulate 
immunocompetence. 
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Figure 1. Model II regression slopes for crickets from each diet treatment at time of 
assay. Reduced major axis regression slopes for the diet treatments at the time of assay were 
not significantly different (likelihood ratio=0.84, p=0.816; GG: slope=1.592, slope 95% 
CI=1.18-2.15, intercept=-2.851, n=37; GP: slope=1.855, slope 95% CI=1.38-2.50, intercept= 
-3.245, n=34; PG: slope=1.866, slope 95% CI=1.35-2.58, intercept= -3.254, n=28; PP: 
slope=1.917, slope 95% CI=1.438-2.55, intercept= -3.336, n=40). 
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Figure 2. Model II regression common slope for all crickets at time of assay. The red line 
represents the common slope of all crickets (slope=1.945, intercept=-3.342).  
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Figure 3. The effect of diet and sex on body condition at time of assay. Each point 
represents the average body condition at time of assay from crickets in that diet treatment and 
sex, and each error bar represents the standard. Sample sizes are given in Figure 1. 
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Figure 4. The effect of diet treatment on post-injection survival of all crickets. Average 
proportion of crickets from each diet treatment surviving after injection of S. marcescens.  
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Figure 5. The effect of diet treatment on post-injection survival of female crickets. 
Average proportion of female crickets from each diet treatment surviving injection of S. 
marcescens. 
 
59 
 
 
 
 
Figure 6. The effect of diet treatment on post-injection survival of male crickets. 
Average proportion of male crickets from each diet treatment surviving injection of S. 
marcescens. 
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Figure 7. The effect of diet treatment on post-injection survival of control crickets. 
Average proportion of control crickets from each diet treatment surviving after injection. 
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CHAPTER IV 
 GENERAL DISCUSSION AND CONCLUSIONS 
In Chapter II, I investigated whether compensatory growth occurs in G. texensis 
crickets and, if so, how it affects crickets’ life history traits (including time to eclosion, 
eclosion mass, body size, body condition, and reproductive investment). After comparing 
growth rates over the compensation period using two different techniques (synchronous vs. 
asynchronous), I did not find any evidence that PG crickets had significantly higher growth 
rates than GG crickets and therefore could not conclude that compensatory growth occurred 
in my crickets. 
Despite the lack of compensation evidence, diet treatment and sex did have a 
significant effect on adult life history traits and reproductive investment. PG crickets took 
significantly longer to eclose and, at eclosion, were smaller, lighter, and in poorer body 
condition than GG crickets. While PP and GP crickets were also lighter and smaller than GG 
crickets, they did not differ in time to eclosion or body condition. Although changing 
juvenile diet treatments had negative effects on adult life history traits, there were no 
differences in male investment in testis size or harp area, and no differences in female ovary 
mass except between the PG and GP diet, where PG females had heavier ovaries. The results 
were contrary to my prediction that PG crickets would undergo compensatory growth and 
that they would suffer from reduced reproductive investment. Overall, there was no 
significant evidence of any trade-offs between growth and reproduction across diet 
treatments, suggesting that crickets who experienced a period of poor nutritional conditions 
were still able to invest equally in reproductive investment compared to GG crickets, even 
though their adult life history traits were adversely affected. 
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In Chapter III, I continued to investigate potential costs associated with changing 
juvenile nutritional environment, focusing specifically on the effect of diet and sex on adult 
disease resistance of crickets. I expected that crickets on the PG diet treatment would have 
reduced immune system investment as adults due to trade-offs associated with accelerated 
growth. The results I found were opposite to prediction. I did not find any significant 
differences between diet treatments in respect to body condition at the time of injection. Even 
without differences in body condition, PP males had significantly reduced disease resistance 
compared to GG males, while PG and GP males were not significantly different from GG. 
Females exhibited a contrasting pattern to males but differences were not significant; female 
PP crickets tended to live longer after injection with S. marcescens than females on the GP, 
PG, and GG diet treatments. This evidence suggests that the effect of diet on investment in 
immunity is sex-specific, and PG crickets, although unable to compensate in adult life history 
traits, were able to attain statistically similar levels of disease resistance as GG crickets. 
Even though PG crickets were smaller and in poorer body condition at eclosion 
compared to GG crickets, by the time of injection (7-10 days later), their body condition was 
no different from GG. This supports the possibility that PG crickets might have continued to 
compensate for their period of poor nutrition, at least in body condition, post-eclosion. 
Additionally, combining results from both experiments suggest that male PP crickets were 
the only group to demonstrate evidence of a trade-off between immunity and reproduction, as 
PP males had equal reproductive investment but significantly lower immune investment than 
GG males. This supports the idea that sexes maximize fitness differently, with males 
investing more heavily in reproduction over immunity, but only when resource conditions are 
especially poor. 
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This thesis makes significant steps in understanding more fully how improving 
juvenile nutritional conditions can affect life history traits in insects. My results imply that 
crickets experiencing resource fluctuations during development might not have the long-term 
costs to some life history traits as seen in other taxa; as they can compensate in reproductive 
investment and disease resistance even when their body mass, size, and condition are 
reduced. This could suggest that crickets, and possibly insects in general, may be more 
resilient to changes in nutritional conditions during development, and therefore less affected 
by increases in environmental fluctuations due to climate change. To investigate this 
implication further, future studies should not only examine how periods of poor nutrition 
influence multiple life history traits in insects, but also integrate them to provide a complete 
view of the effects of changing juvenile nutritional conditions on adult fitness. 
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APPENDIX 
Table 1. Summary of the effect of diet treatment and sex on weekly body mass of crickets 
during the experiment. Mean ± standard deviation are shown and sample sizes are given in 
parentheses. All measurements are in grams. 
 Good-Good Diet Good-Poor Diet Poor-Good Diet Poor-Poor Diet 
 Female Male Female Male Female Male Female Male 
Wk 
1 
0.00± 
0.00            
(n=36) 
0.00± 
0.00            
(n=33) 
0.00± 
0.00            
(n=44) 
0.00± 
0.00           
(n=36) 
0.00± 
0.00            
(n=21) 
0.00± 
0.00            
(n=42) 
0.00± 
0.00            
(n=37) 
0.00± 
0.001           
(n=34) 
Wk 
2 
0.01± 
0.00 
(n=36) 
0.01± 
0.00         
(n=33) 
0.01± 
0.00           
(n=44) 
0.01± 
0.01            
(n=36) 
0.01± 
0.00            
(n=21) 
0.01± 
0.00            
(n=42) 
0.01± 
0.00           
(n=37) 
0.01± 
0.00            
(n=34) 
Wk 
3 
0.03± 
0.01 
(n=36) 
0.03± 
0.01            
(n=33) 
0.03± 
0.01            
(n=44) 
0.03± 
0.01            
(n=36) 
0.02± 
0.01            
(n=21) 
0.02± 
0.01            
(n=42) 
0.03± 
0.01            
(n=37) 
0.02± 
0.01            
(n=34) 
Wk 
4 
0.06± 
0.02 
(n=36) 
0.06± 
0.02            
(n=33) 
0.06± 
0.02            
(n=44) 
0.07± 
0.02            
(n=36) 
0.05± 
0.02            
(n=21) 
0.05± 
0.02           
(n=42) 
0.06± 
0.01            
(n=37) 
0.05± 
0.01            
(n=34) 
Wk 
5 
0.12± 
0.03 
(n=36) 
0.12± 
0.04            
(n=32) 
0.12± 
0.03            
(n=44) 
0.13± 
0.04            
(n=36) 
0.09± 
0.03           
(n=21) 
0.10± 
0.04            
(n=42) 
0.11± 
0.02            
(n=37) 
0.10± 
0.03          
(n=34) 
Wk 
6 
0.20± 
0.07 
(n=34) 
0.20± 
0.05            
(n=32) 
0.18± 
0.04            
(n=43) 
0.20± 
0.05            
(n=36) 
0.15± 
0.06            
(n=21) 
0.16± 
0.05            
(n=40) 
0.17± 
0.03            
(n=37) 
0.15± 
0.04            
(n=33) 
Wk 
7 
0.27± 
0.05 
(n=34) 
0.28± 
0.06            
(n=31) 
0.24± 
0.04            
(n=42) 
0.25± 
0.05            
(n=35) 
0.23± 
0.07            
(n=21) 
0.24± 
0.07            
(n=40) 
0.24± 
0.04            
(n=36) 
0.21± 
0.05            
(n=33) 
Wk 
8 
0.34± 
0.05 
(n=25) 
0.35± 
0.06            
(n=27) 
0.31± 
0.0          
(n=34) 
0.32± 
0.06            
(n=27) 
0.31± 
0.07            
(n=18) 
0.31± 
0.07            
(n=38) 
0.32± 
0.04         
(n=31) 
0.28± 
0.06           
(n=33) 
Wk 
9 
0.38± 
0.05 
(n=9) 
0.37± 
0.05            
(n=9) 
0.32± 
0.05             
(n=9) 
0.34± 
0.07             
(n=9) 
0.31± 
0.07             
(n=5) 
0.34± 
0.06         
(n=12) 
0.36± 
0.05             
(n=7) 
0.29± 
0.06           
(n=16) 
Wk 
10 
0.50± 
0.04             
(n=3) 
0.43± 
0.05             
(n=3) 
0.42± 
NA 
(n=1) 
0.32± 
NA 
(n=1) 
0.35± 
0.08             
(n=4) 
0.40± 
0.03             
(n=5) 
0.39± 
0.02           
(n=2) 
0.28± 
0.06             
(n=3) 
Wk 
11 
--- --- --- --- 
0.39± 
NA             
(n=1) 
--- --- --- 
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Table 2. Summary of the effect of diet treatment and sex on body size of crickets during the 
experiment. Mean ± standard deviation are shown and sample sizes are given in parentheses. 
All measurements are in mm. 
 Good-Good Diet Good-Poor Diet Poor-Good Diet Poor-Poor Diet 
 Female Male Female Male Female Male Female Male 
Wk 
1 
0.51± 
0.03         
(n=36) 
0.51± 
0.05         
(n=33) 
0.50± 
0.03         
(n=44) 
0.51± 
0.03         
(n=36) 
0.50± 
0.03        
(n=21) 
0.52± 
0.04         
(n=42) 
0.51± 
0.05         
(n=37) 
0.51± 
0.03         
(n=34) 
Wk 
2 
0.82± 
0.16       
(n=36) 
0.79± 
0.151         
(n=33) 
0.76± 
0.143         
(n=44) 
0.84± 
0.161         
(n=36) 
0.77± 
0.142         
(n=21) 
0.80± 
0.143        
(n=42) 
0.81± 
0.138         
(n=37) 
0.80± 
0.161         
(n=34) 
Wk 
3 
1.21± 
0.22         
(n=36) 
1.25± 
0.174         
(n=33) 
1.19± 
0.176         
(n=44) 
1.22± 
0.194        
(n=36) 
1.16± 
0.155         
(n=21) 
1.18± 
0.183         
(n=42) 
1.24± 
0.166         
(n=37) 
1.19± 
0.209         
(n=34) 
Wk 
4 
1.69± 
0.19         
(n=36) 
1.69± 
0.218         
(n=33) 
1.71± 
0.214        
(n=44) 
1.77± 
0.225        
(n=36) 
1.50± 
0.297         
(n=21) 
1.57± 
0.265         
(n=42) 
1.67± 
0.161        
(n=37) 
1.65± 
0.213         
(n=34) 
Wk 
5 
2.23± 
0.29         
(n=36) 
2.23± 
0.252        
(n=32) 
2.22± 
0.224         
(n=44) 
2.26± 
0.337         
(n=36) 
2.00± 
0.236        
(n=21) 
2.06± 
0.347         
(n=42) 
2.16± 
0.179         
(n=37) 
2.13± 
0.224         
(n=34) 
Wk 
6 
2.88± 
0.32         
(n=34) 
2.88± 
0.384        
(n=32) 
2.80± 
0.276         
(n=43) 
2.84± 
0.354         
(n=36) 
2.49± 
0.482       
(n=21) 
2.60± 
0.396         
(n=40) 
2.71± 
0.215       
(n=37) 
2.53± 
0.396         
(n=33) 
Wk 
7 
3.30± 
0.36         
(n=34) 
3.28± 
0.318         
(n=31) 
3.28± 
0.241         
(n=42) 
3.14± 
0.330         
(n=35) 
3.04± 
0.479         
(n=21) 
3.08± 
0.450 
(n=40) 
3.15± 
0.313         
(n=36) 
2.94± 
0.413         
(n=33) 
Wk 
8 
3.44± 
0.27         
(n=25) 
3.38± 
0.267         
(n=27) 
3.31± 
0.220         
(n=34) 
3.27± 
0.238        
(n=27) 
3.27± 
0.284        
(n=18) 
3.30± 
0.279         
(n=38) 
3.33± 
0.259         
(n=31) 
3.17± 
0.291        
(n=33) 
Wk 
9 
3.45± 
0.37          
(n=9) 
3.34± 
0.246          
(n=9) 
3.24± 
0.186          
(n=9) 
3.22± 
0.143          
(n=9) 
3.14± 
0.310          
(n=5) 
3.32± 
0.280         
(n=12) 
3.42± 
0.170          
(n=7) 
3.01± 
0.205        
(n=16) 
Wk 
10 
3.75± 
0.20         
(n=3) 
3.38± 
0.278          
(n=3) 
3.45± 
NA 
(n=1) 
3.18± 
NA 
(n=1) 
3.38± 
0.305          
(n=4) 
3.10± 
0.167          
(n=5) 
3.52± 
0.043         
(n=2) 
3.17± 
0.360          
(n=3) 
Wk 
11 
--- --- --- --- 
3.39± 
NA 
(n=1) 
--- --- --- 
 
76 
 
 
 
Table 3. Summary statistics for the effect of diet treatment and sex on adult life history traits. 
Mean ± standard deviation are shown. Sample sizes for each group in parentheses. 
 Good-Good Diet Good-Poor Diet Poor-Good Diet Poor-Poor Diet 
 
Female 
(n=36) 
Male 
(n=33) 
Female 
(n=44) 
Male 
(n=36) 
Female 
(n=23) 
Male 
(n=41) 
Female 
(n=38) 
Male 
(n=35) 
A) Time to 
eclosion (days) 
59.97± 
5.31 
64.55± 
10.58 
61.32± 
7.60 
62.53± 
8.33 
65.35± 
9.76 
62.98± 
4.85 
62.57± 
7.05 
64.06± 
4.95 
B) Eclosion 
body mass (g) 
0.43± 
0.07 
0.41± 
0.05 
0.35± 
0.05 
0.36± 
0.04 
0.39± 
0.08 
0.38± 
0.05 
0.37± 
0.05 
0.35± 
0.04 
C) Eclosion 
body size (mm) 
3.55± 
0.30 
3.38± 
0.19 
3.30± 
0.19 
3.25± 
0.26 
3.44± 
0.26 
3.35± 
0.26 
3.40± 
0.24 
3.22± 
0.26 
D) Eclosion 
body condition 
(SMI) 
0.39± 
0.09 
0.40± 
0.05 
0.36± 
0.04 
0.39± 
0.06 
0.37± 
0.05 
0.39± 
0.07 
0.36± 
0.04 
0.38± 
0.04 
E) Assay body 
condition (SMI) 
0.40± 
0.06 
(n=22) 
0.41± 
0.06 
(n=15) 
0.38± 
0.05 
(n=20) 
0.38± 
0.04 
(n=14) 
0.40± 
0.06 
(n=10) 
0.37± 
0.04 
(n=18) 
0.39± 
0.06 
(n=21) 
0.35± 
0.04 
(n=19) 
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Table 4. Summary statistics for the effect of diet treatment on reproductive investment in 
males and females. Mean ± standard deviation are shown. Sample sizes for each group in 
parentheses.  
 Good-Good Diet Good-Poor Diet Poor-Good Diet Poor-Poor Diet 
 Female Male Female Male Female Male Female Male 
A) Ovary 
mass (g) 
0.03± 
0.02            
(n=21) 
--- 
0.03± 
0.02             
(n=18) 
--- 
0.04± 
0.03             
(n=10) 
--- 
0.03± 
0.02            
(n=21) 
--- 
B) Testes 
area 
(mm2) 
--- 
8.93± 
2.76                
(n=14) 
---
7.82± 
3.16                 
(n=18) 
---
9.00± 
4.17                 
(n=25) 
---
8.94± 
3.11                
(n=16) 
C) Harp 
area 
(mm2) 
--- 
7.99± 
0.65               
(n=10) 
--- 
8.01± 
0.63              
(n=14) 
--- 
7.88± 
0.79             
(n=21) 
--- 
7.63± 
0.77               
(n=11) 
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Table 5. Results from repeated measures ANOVA tests modelling growth. Full models and 
the factors that were retained in the reduced models for each rate and period are shown. 
Factors that that did not improve model fit were not retained in the final model and are given 
in italics. Asterisks represent p-values that are less than 0.05. 
Response Factor F df p-value 
A) Body mass growth 
rate 
Diet 11.857 3, 504 0.000* 
Sex 0.967 1, 504 0.326 
Period 3380.226 1, 504 0.000* 
Diet*Sex 0.232 3, 506 0.874 
Sex*Period 2.211 3, 504 0.138 
Diet*Period 12.379 1, 504 0.000* 
Diet*Sex*Period 3.113 3, 501 0.026* 
B) Body size growth 
rate 
Diet 4.098 3, 504 0.007* 
Sex 1.050 1, 504 0.306 
Period 2639.967 1, 503 0.000* 
Diet*Sex 0.231 3, 506 0.875 
Sex*Period 2.232 3, 503 0.136 
Diet*Period 5.600 1, 503 0.001* 
Diet*Sex*Period 0.5592 3, 497 0.642 
C) Body mass growth 
rate 
(corrected) 
Diet 9.766 3, 501 0.000* 
Sex 1.242 1, 500 0.266 
Period 2889.698 1,500 0.000* 
Diet*Sex 0.266 3, 500 0.850 
Sex*Period 2.512 3, 500 0.114 
Diet*Period 10.110 1, 500 0.000* 
Diet*Sex*Period 3.029 1, 500 0.029* 
D) Body size growth 
rate (corrected) 
Diet 3.087 3, 503 0.027* 
Sex 1.698 1, 503 0.193 
Period 2258.412 1, 503 0.000* 
Sex*Period 3.260 3, 503 0.072 
Diet*Period 4.551 3, 503 0.004* 
Diet*Sex 0.655 1, 513 0.978 
Diet*Sex*Period 0.398 1, 497 0.754 
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Table 6. Results from linear mixed-effects models for developmental life history traits. Full 
models and the factors that were retained in the reduced models for each rate and period are 
shown. Factors that that did not improve model fit were not retained in the final model are in 
italics. Asterisks represent p-values that are less than 0.05.  
Response Factor F df p-value 
A) Development 
Time (days) 
Diet 1.712 3, 274 0.321 
Sex 1.625 1, 274 0.204 
Diet*Sex 2.080 3, 275 0.103 
B) Eclosion body 
mass (g) 
Diet 19.89 3, 275 0.000* 
Sex 1.244 1, 274 0.266 
Diet*Sex 1.773 3, 276 0.153 
C) Eclosion body size 
(mm) 
Diet 14.007 3, 273 0.000* 
Sex 21.971 1, 273 0.000* 
Diet*Sex 0.694 3, 274 0.557 
D) Eclosion body 
condition (SMI) 
Diet 1.962 3, 273 0.125 
Sex 18.673 1, 273 0.000* 
Diet*Sex 0.977 3, 273 0.404 
E) Assay body 
condition (SMI) 
Diet 2.488 3, 127 0.064* 
Sex 4.510 1, 128 0.036* 
Diet*Sex 1.186 3, 126 0.318 
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Table 7. Results from linear mixed-effects models for reproductive investment. Full models 
and the factors that were retained in the reduced models for each rate and period are shown. 
Factors that that did not improve model fit were not retained in the final model are in italics. 
Asterisks represent p-values that are less than 0.05.  
Response Factor F df p-value 
A) Ovary mass (g) 
Diet 0.607 3, 38 0.614 
Injection 1.429 2, 40 0.252 
Body Size 0.767 1, 47 0.386 
Diet*Injection 0.281 6, 39 0.943 
Diet*Body Size 0.576 3, 38 0.634 
Injection*Body Size 1.340 2, 40 0.273 
Diet*Injection*Body Size 0.254 6, 39 0.955 
B) Testes size (mm2) 
Diet 0.952 3, 31 0.428 
Injection 1.478 2, 33 0.243 
Body Size 2.784 1, 32 0.105 
Diet*Injection 1.911 6, 34 0.107 
Diet*Body Size 0.996 3, 31 0.408 
Injection*Body Size 1.428 2, 34 0.254 
Diet*Injection*Body Size 1.838 6, 34 0.121 
C) Harp area (mm2) 
Diet 0.611 3, 29 0.613 
Injection 0.176 2, 26 0.840 
Body Size 3.332 1, 29 0.078 
Diet*Injection 1.531 6, 27 0.206 
Diet*Body Size 0.566 3, 29 0.642 
Injection*Body Size 0.170 2, 27 0.844 
Diet*Injection*Body Size 1.540 6, 27 0.203 
 
 
